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Right-hemispheric brain activation correlates to language performance
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Language function in the right-hemispheric homologues of Broca's and Wernicke's areas does not only
correlate with left-handedness or pathology, but occurs naturally in right-handed healthy subjects as well. In
the current study, two non-invasive methods of assessing language lateralization are correlated with
behavioral results in order to link hemispheric dominance to language ability in healthy subjects.
Functional magnetic resonance imaging (fMRI) together with a sentence-completion paradigm was used to
determine region-specific lateralization indices in the left- and right-sided Broca's and Wernicke's areas, the
frontal temporal lobe, the anterior cingulate cortex and the parietal lobe. In addition, dichotic listening results
were used to determine overall language lateralization and to strengthen conclusions by correlating with
fMRI indices. Results showed that fMRI lateralization in the superior parietal, the posterior temporal, and the
anterior cingulate cortices correlated to dichotic listening. A decreased right ear advantage (REA), which
indicates less left-hemispheric dominance in language, correlated with higher performance in most
administered language tasks, including reading, language ability, fluency, and non-word discrimination.
Furthermore, right hemispheric involvement in the posterior temporal lobe and the homologue of Broca's
area suggests better performance in behavioral language tasks. This strongly indicates a supportive role of
the right-hemispheric counterparts of Broca's and Wernicke's areas in language performance.

© 2009 Elsevier Inc. All rights reserved.
Introduction

Knowledge about the lateralization of brain functions is important
for resolving both research and clinical issues. An increasing interest
in lateralization is presently seen, among others, in research on
schizophrenia (Angrilli et al., 2009; Bleich-Cohen et al., 2009) and
dyslexia (Pernet et al., 2009). In language research, the lateralization
of language function can be used to explain subtle differences in
behavior and cognitive skills. For example, clinical language lateral-
ization assessment is necessary in the examination of epilepsy
patients prior to resective surgery of the temporal lobe. The standard
method to determine language laterality in the clinic is the Wada
procedure, which is highly invasive, with associated risks for the
patient (Baxendale, 2009).

Non-invasive alternatives to the Wada test have proven to be
reliable in determining lateralization of language function in the
brain. Lateralization in healthy subjects is often determined by a
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dichotic listening test, where ear dominance is correlated to
language dominance. This is based on the notion that the contra-
lateral (direct) pathways from the ears to the opposite hemisphere
are stronger connected than the projection to the ipsilateral hemi-
sphere (Kimura, 1961; Geffen et al., 1978). Typically, language is left-
lateralized, resulting in a better perception of verbal stimuli in the
right ear compared to the left which is expressed in degree of right
ear advantage (REA) (Hugdahl, 1995).

A more recent, promising method is the use of functional magnetic
resonance imaging (fMRI) to determine language lateralization,
enabling language function location within the hemispheres. With
fMRI, the hemispheric asymmetry of the activation pattern reflects
lateralization of language. The fMRI-determined lateralization index
(LI) has been shown to correlate with some versions of dichotic
listening (Fernandes et al., 2006; Fontoura et al., 2008; van den Noort
et al., 2008). More convincingly, both dichotic listening (Strauss et al.,
1987; Hugdahl et al., 1997; Fontoura et al., 2008) and fMRI-LI tests
(Desmond et al., 1995; Yetkin et al., 1995; Spreer et al., 2002, Fontoura
et al., 2008) repeatedly show a correlation with Wada test results.
However, fMRI-LIs are influenced by task choice (Lee et al., 2008) and
are more robust when measured in regions of interest (ROIs) rather
thanwhen derived from awhole-brain index calculation (Spreer et al.,
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2002). In their study on language lateralization, Szaflarski and
colleagues (2002) point out that fMRI-LIs depend on the locations
from which the laterality is derived. They showed that frontal regions
are more strongly linked to handedness and hence show a higher
incidence of right-sided lateralization for left-handed people, thus
replicating results from Ellis and colleagues (1998). Such results
strongly advocate a hypothesis-driven choice of ROIs in deriving LIs,
rather than calculating whole-brain-laterality.

When fMRI results are used to estimate laterality themost common
approach is to generate an activation map by imposing a pre-defined
statistical threshold to declare voxels as active or inactive. The LI is often
determined by simply subtracting and normalizing right-hemispheric
activation from left-hemispheric activation. However, this index can be
severely influenced by many methodological factors, such as activation
thresholds and outlier influence. One possible way to circumvent the
threshold problem is to calculate LIs for several different thresholds and
then use a weighted average of the indices to define the resulting LI. In
this study, a method presented by Wilke and colleagues (Wilke and
Schmithorst, 2006; Wilke and Lidzba, 2007) was used. This method
combines theweighted average approachwith a bootstrap procedure to
further increase the robustness of the LI calculation.

In determining fMRI-LI it is important to employ both a reliable LI-
calculation method, as discussed above, and a language paradigm that
activates areas of interest. Semantic sentence processing generally
activates Wernicke's area and the angular gyrus whereas word
generation relies on Broca's area (Price, 2000). The role of the inferior
frontal lobe (specifically Broca's area) and the posterior superior
temporal gyrus (Wernicke's area) in language processing is exten-
sively researched and exceeds the straightforward view of a division
between language accessing and production as summarized by
Geschwind (Geschwind, 1965; Bookheimer, 2002; Price, 2000; Hickok
and Poeppel, 2004). The frontal temporal lobe has been shown to be
active during sentence reading (Fletcher et al., 1995), albeit not
consistently (Price et al., 2003) and is involved in name retrieval
(Damasio et al., 2004). Conventional word retrieval paradigms also
trigger activation in the left temporal gyrus (Wise et al., 2001;
Damasio et al., 2004). The anterior cingulate cortex shows activity
during fluency paradigms (Lurito et al., 2000; Fu et al., 2001). Kircher
and colleagues (2001) used fMRI to study sentence completion and
found activation in the left middle frontal and anterior cingulate gyrus
as well as in the superior parietal lobe (precuneus). Activation in the
superior parietal lobe is also found during verb production (Shapiro
et al., 2006) and suggested to be involved in retrieval of associations
during semantic processing (Carreiras et al., 2009). We selected five
regions of interest in primary language areas (the posterior temporal
lobe and the inferior frontal lobe) and areas involved in cognitively
demanding linguistic tasks (the frontal temporal lobe; the superior
parietal lobe and the anterior cingulate cortex). Next to their
involvement in language the ROIs were chosen so that they were
well apart, in order to detect separate clusters of activation. For
exploring language-related activation in the selected ROIs, a sentence
completion paradigm, which involves semantic processing as well as
word generation, was used (McDonald and Tamariz, 2002).

In the present study we wished to investigate language laterali-
zation in correlation to language performance. Sentence completion
has been shown to elicit activation in the right hemisphere, additional
to the described left-hemispheric activation, specifically in the middle
temporal gyrus (Kircher et al., 2001). The classical view on right-
hemispheric contributions is the involvement in decoding ambiguity,
metaphors and distant semantic relationships (Koivisto, 1997;
Abdullaev and Posner, 1997; Chiarello, 1998). In addition, the
contribution of the right hemisphere involves decisions about
semantic relations between words (Faust, 1998; Beeman and
Chiarello, 1998). Just and colleagues (1996) investigated the influence
of the right hemisphere (right-sided counterparts of Wernicke's and
Broca's areas) in language function employing an increased-demand
fMRI paradigm. The authors found increased activation in right-
hemispheric areas when cognitive demands were high. Likewise,
Dräger and colleagues (2004) described increased activation in the
right parietal lobe as a result of increased task difficulty.

The main aim of this study was to assess lateralization of language
function using both dichotic listening and fMRI-based region-specific
LIs, in order to clarify the usability of both methods in clinical
lateralization assessment. Secondarily, we aimed to apply these
methods in order to determine the influence of language ability on
the amount of (additional) right-hemispheric activation. We corre-
lated fMRI and dichotic listening derived LIs with performance
measurements on tasks measuring fluency, reading ability, picture
naming and high-level linguistic ability performance.

Materials and methods

Subjects

Sixteen healthy, right-handed subjects of different gender and age
were recruited to participate in a series of behavioral tasks tapping
language functions, an fMRI sentence completion paradigm, and a
dichotic listening test. One subject was excluded due to movement
artifacts in fMRI images and another subject was excluded due to
hearing impairment, which could have confounded the dichotic
listening result. Results from 14 subjects, 7 females and 7 males, aged
21–55 (mean age=36.9, SD=11.7) years are presented in this study.
Pre-experimental screening consisted of assessing handedness by
means of the Edinburgh handedness inventory. In addition, MR-safety
and health status were recorded. The subjects had neither a
contraindication for MR safety, nor any history of neurological,
cognitive or psychiatric disorders including alcohol and drug abuse
or pathological language problems. Examination of the anatomical
MRI images did not reveal any individual brain anomalies. The test
procedure encompassed a total of 2–3 h, distributed over 2 days. The
study was approved by the regional Ethics Committee of Linköping
and the subjects signed written informed consent.

fMRI acquisition and analysis

Images were acquired using a Philips Achieva 1.5 T MR-scanner.
The language paradigm was presented using high-resolution video
goggles (Resonance Technology Inc., CA, USA). For experimental
design and task presentation, Superlab Pro 4 software was used
(Cedrus Corp., San Pedro, USA).

At the start of the fMRI examination the participants were given
instructions regarding the language paradigm and were familiarized
with the procedure. Functional images were acquired using a blood
oxygen level dependent (BOLD) sensitive gradient echo sequence,
employing the following acquisition parameters: TR=2.7 s;
TE=40 ms; FOV=24 cm; flip angle=90°; matrix=80×80×32;
slice thickness=3 mm. The slices were aligned between the floor of
sella turcica and the posterior angle of the fourth ventricle.

The sentence completion paradigm was visually presented and
consisted of four blocks of 8 sentences each, in which the last word
was substituted by “…”. The sentences were presented for 3 s,
followed by an asterisk presented for 2 s. The subjects were instructed
to think of one or several words that would complete the sentence
during the time the asterisk was on screen. Trial blocks were
alternated with a total of 5 control blocks consisting of asterisks,
mimicking a short sentence. These were presented for 3 s and
followed by a single asterisk presented for 2 s. The subjects were
instructed not to think of words or sentences during the control
blocks. In addition, the subjects were randomly assigned to one of two
paradigms each containing different sentences of an equal degree of
difficulty. The order of the blocks and sentences within the blocks was
random for each subject. The total duration of the test was 5 min.
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The sentences were translated into Swedish from a Spanish study
by McDonald and Tamariz (2002) and validated in-house using 29
native Swedish students, 55% female and 45% males, ranging between
19 and 37 years (mean age 23 years). Sentences with more than 10%
irrelevant answers as well as sentences with marked gender
differences were excluded.

SPM5 (http://www.fil.ion.ucl.ac.uk/spm/software/spm5/) was
used for the analysis of the fMRI data. Functional scans were
realigned to the first image of the time series, normalized at
2×2×2 mm3 to a standard brain atlas (MNI space) and smoothed
using an 8 mm FWHM Gaussian kernel. A general linear model
(GLM) was fitted to the data and the estimated regression
coefficients for each voxel were tested against zero with a t-test to
generate individual statistical maps which were entered in the
calculation of fMRI-LI. To create Fig. 1, the group activation was
assessed by a 2nd level one sample t-test. The group statistical map
was thresholded using a false discovery rate (FDR) correction
(Benjamini and Hochberg, 1995) to control for multiple comparisons
across all voxels (significance threshold of p=0.05).

Five non-overlapping regions of interest (ROIs) were defined as:

• Frontal temporal lobe (FTL, middle and superior temporal gyrus)
• Posterior temporal lobe (PTL, middle and superior temporal gyrus)
• Inferior frontal gyrus (IFG)—opercular and triangular part corre-
sponding with Broca's area

• Anterior cingulate cortex (ACC)
• Superior parietal lobe (SPL)

All ROIs were constructed using WFU_Pickatlas software (version
2.4) (Maldjian et al., 2003). The ROIs were post-processed to be
mirror-symmetrical in the left–right direction.
Fig. 1. MR image showing the functional ROIs (blue) used for LI calculations and ROI sp
thresholded at p=0.05 (FDR).
fMRI laterality index

Lateralization was assessed by computing LI from the individual
statistic images (T-maps). The commonly used approach (Eq. 1) takes
only the number of activated voxels in the left or right hemisphere
within an ROI in account.

LI =
P

Left − P
Right

P
Left +

P
Right

ð1Þ

In this calculation
P

Left and
P

Right denote the number of
activated voxels in each hemisphere or region of interest within each
hemisphere. The LI ranges from −1 (only right-hemispheric activa-
tion) to +1 (only left-hemispheric activation). The main difficulty
with this definition is that the resulting LI depends on the statistical
threshold chosen to define activation. One way to avoid the threshold
dependence is to calculate LIs for several different thresholds (defined
by the t-statistic, t) and use a weighted average of the LIs to define the
final LI (Eq. 2).

LI =
P

tTLI tð Þ
P

t
ð2Þ

In this study, the method introduced by Wilke and colleagues
(2006; 2007) was used. The method combines the weighted average
approach with a bootstrap resampling procedure to further increase
the robustness of the LI. The data was first thresholded andmasked by
the ROI, generating left and right data sets. From the left and right data
a number (n) of bootstrapped re-samples were generated. LIs were
calculated according to Eq. (1). Then, the LI for all possible
ecific group activations (orange). This group analysis was restricted to the ROIs and
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combinations (n2) of the re-sampled data sets were calculated, and a
trimmed mean of the n2 LIs was calculated. This procedure was
repeated for 20 thresholds equally spaced between zero and the
maximum t-value within the ROI according to the default values
(Wilke and Schmithorst, 2006), and the final LI was calculated as a
weighted average (Eq. (2)) of the trimmed means.

Dichotic listening test

Dichotic listening was assessed by means of a version of the
consonant–vowel Bergen Dichotic Listening Test (Hugdahl, 1995). In
this task, the subjects were presented with auditory verbal stimuli in
both ears simultaneously. The perceived stimuli had to be reported
verbally directly after each presentation, according to directions of the
examiner who instructed to attend to either: (1) one of the ears, (2)
both ears or (3) one of the ears according to the participant's best
perception. The stimuli used in the dichotic speech tests were the
consonant–vowel combinations of a stop consonant and the letter “a”:
/ba/, /da/, /ga/, /ka/, /pa/ and /ta/. The stimuli were combined in
dichotic pairs and used in three different conditions, executed in the
following order (for details see Hällgren et al., 1998):

(1) The non-forced condition: the subjects were instructed to recall
one stimulus, namely the syllable they perceived best or most
clearly (20 dichotic pairs).

(2) The free-report condition: the subjects were encouraged to recall
the syllables heard in both ears (20 dichotic pairs).

(3) The directed-report conditions: the subjects were instructed to
recall syllables perceived by one ear, when attention was directed
to either the right or left ear (20 dichotic pairs with instructed
attention to the left ear and 20 pairs with instructed attention to
the right ear).

Two parameters were calculated; the number of correct answers
and right ear advantage (REA). The REA was scored as a lateralization
index, defined by the number of correctly repeated items presented to
the right ear minus the number of correctly repeated items to the left
ear, divided by the total number of correct answers for both ears
(Hugdahl, 2003). This definition holds also for the directed-report
condition; the subjects always repeated some of the items presented
to the non-focused ear. A positive lateralization index means a right
ear advantage and thus a positive value for REA.

The dichotic tests were performed in a sound-isolated chamber.
The test was delivered through a CD player, an audiometer and
earphones (Telephonics TDH39). The presentation levelwas 70 dB SPL
(C-weighted equivalent level). Pure tone thresholds were established
for the frequencies: 500 Hz, 1000 Hz, 2000 Hz and 4000 Hz, in order to
ensure that the subjects did not have asymmetrical hearing losses (an
interaural difference of more than 10 dB).

Behavioral tasks

The administered behavioral language tests were selected to
ensure a proper assessment of language performance in subjects with
a normal to advanced language ability.

The Test of Language Competence (TLC) is suitable for investigating
higher language abilities, by investigating applied semantics, syntax
Table 1
Significant correlations (Pearson's r) between dichotic listening REA and fMRI LI in the reg

Frontal temporal lobe Posterior temporal lobe Inferior

Non-forced – – –

Free-report – – –

Directed-report left – 0.65⁎⁎ –

Directed-report right – – –

⁎pb0.05, ⁎⁎pb0.01.
and pragmatics. The test is translated into Swedish and proposed to be
suitable for discovering subtle speech and language disorders
(Testbatteri för Bedömning av Subtila Språkstörningar, TBSS) (Laakso
et al., 2000). From this test-battery we utilized a subset of seven tasks
to determine subtle speech and language disorders (Bedömning av
Subtila Språkstörningar [Assessment of Subtle Language Deficits], BeSS)
which do not show ceiling effects when applied to healthy individuals
(Laakso et al., 2000). The BeSS-test investigates the following abilities:
repetition of long sentences, constructing a correct sentence of three
words, inference (text understanding), understanding complex logic-
grammatical sentences, understanding dubious sentences, under-
standing metaphors, and describing presented words. Each subtask of
10 questions could give a maximum of 30 points, maximal total 210
points. Two well-known word retrieval tasks from the TLC were also
selected. The Boston Naming Test (BNT), consisting of 60 pictures
which have to be named, detects naming abilities and correlates with
education level (Kaplan et al., 1983; Zec et al., 2007). The Swedish
norm established by Tallberg (2005) was used in this study.
Furthermore we used a verbal fluency test. The subject was cued
with a letter (F, A, S) and had to generate as many words as possible
within a minute (FAS-test, Friedman et al., 1998; Loonstra et al.,
2001). The Swedish norm, depending on age and gender, is predictive
of intellectual level (Tallberg et al., 2008). Lastly, a Reading task
selected from the Swedish exam for university students was used. The
subjects had to read three texts and answer four questions for each
test, resulting in a maximum score of 12.

Correlations between the results from fMRI, dichotic listening and
language performance tasks were tested with a two-tailed signifi-
cance test using GraphPad Prism (GraphPad software, Inc. San Diego,
USA). pb0.05 was considered as significant.

Results

fMRI results

When contrasted with the non-language control condition, the
sentence completion paradigm elicited clusters of activation in the
primary language areas in the left hemisphere, namely in the posterior
temporal lobe (corresponding toWernicke's area) and the left inferior
frontal gyrus (corresponding to Broca's area). Also the frontal temporal
lobe, the superior parietal lobe and the anterior cingulate cortex were
activated. Furthermore, activation was observed in the occipital lobe
including the fusiform areas. In Fig. 1, the group activity (orange) that
remains after applying an inclusive map of ROIs (blue) as described in
Materials and methods can be seen. The remaining group activation
is superimposed over the ROIs. Note that the anterior cingulate ROIs
are not depicted.

Correlation of dichotic listening with fMRI-LI

The results of the three dichotic listening conditions (non-forced,
free-report, directed-report left/right) were correlated with LIs
derived from the fMRI paradigm. The results are found in Table 1
and Fig. 2.

The non-forced condition REA was significantly positively corre-
lated (pb0.05) with fMRI-LI in the anterior cingulate cortex.
ions of interest.

frontal gyrus / Broca's area Superior parietal lobe Anterior cingulate cortex

– 0.56⁎
0.68⁎⁎ –

– –

– –



Fig. 2. Correlation between dichotic listening non-forced, free-report and directed-report-left conditions and fMRI-LI. Left and right on the axes indicate the hemispheres.
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In the free-report condition, which demands attention to both
ears, the REA correlated positively (pb0.01) with fMRI-LI in the
superior parietal lobe.

In the directed-report condition, a significant positive correlation
(pb0.01) of directed-report-left REA with the fMRI-LI in the posterior
temporal lobe, which includes Wernicke's area, was found.

Neither the fMRI-LIs, nor the dichotic listening REA LIs correlated
with age.

Correlating dichotic listening with language ability

Performance in all behavioral language tasks except the BNT
correlated positively with left-ear reports during the directed left
condition of the dichotic listening test (Table 2, Fig. 3). Only the FAS
test correlated with the amount of right ear reports in the free report
condition. Notably, the reading test (LäS) and the BeSS test showed
negative correlations with REA during the directed-report-left
condition and the free-report condition, respectively.

Correlating fMRI-LI with language performance

fMRI-LI, determined from the posterior temporal lobe including
Wernicke's area correlated negatively (pb0.05) with reading ability
(LäS), r=−0.55 (Table 3). Performance in the cognitive assessment
task, measuring subtle language dysfunctions (BeSS) correlated
negatively (pb0.05) with LI in the inferior frontal cortex (Broca's
area) r=−0.56 (Fig. 4).

Discussion

The purpose of this study was twofold. First, we wished to
compare LI derived from ROIs acquired with fMRI with estimates of LI
obtained with Hugdahl's implementation of the classical dichotic
listening task (Hugdahl, 1995) in order to evaluate the usability of
Table 2
Significant correlations (Pearson's r) between dichotic listening and behavioural
language tests.

FAS LäS BeSS

Non-forced (REA) – – –

Free-report (REA) – – −0.53⁎
Directed-report-left (REA) – −0.56⁎ –

Directed-report-right (REA) – – –

Non-forced, left ear – – –

Non-forced, right ear – – –

Free-report, left ear – – 0.58⁎
Free-report, right ear 0.52⁎ – –

Directed-report-left, left ear 0.52⁎ 0.69⁎⁎ 0.62⁎
Directed-report-left, right ear – – –

Directed-report-right, left ear – – –

Directed-report-right, right ear – – –

⁎pb0.05, ⁎⁎pb0.01. FAS=fluency test, LäS=reading test, BeSS=cognitive ability.
either method in clinical settings. Second, we were interested in
delineating the relation betweenmeasures of LI and performance on a
set of salient language tasks, typically used in the clinical assessment
of language impairment. In particular, we sought to clarify whether LI
varied between subjects performing high or low in the language tasks.

In keeping with the findings in previous investigations (Fernandes
et al., 2006, Fontoura et al., 2008), fMRI and dichotic listening
generated similar measures of laterality. However, in contrast to
previous reports, the correlation of dichotic-listening- with fMRI-
derived LIs varied according to the task demands of the different
dichotic listening conditions. In the non-forced condition (where
subjects are asked to repeat the most noticeable stimuli), a less
prominent right ear advantage was associated with more bilateral
cingulate cortex activation. The anterior cingulate, as well as the
orbitofrontal cortex, is involved in monitoring behaviorally motivated
stimuli, a process that may be crucial to performance in the non-
forced condition (Luu and Posner, 2003).

In contrast, performance in the condition where subjects were
asked to report lateralized stimuli (directed-report-left) correlated
with activity in the posterior temporal region, where subjects with
less right ear advantage show involvement of the right posterior
temporal lobe in addition to the left. This is clearly a finding much in
keeping with previous reports of neuroimaging of dichotic listening
(e.g., van den Noort et al., 2008). The activation observed in the right-
hemispheric counterpart of Wernicke's area in the temporal lobe
strengthens the hypothesis of Grodzinsky and Friederici (2006), who
linked this area to lexical and syntactic information integration.
Moreover, the temporal lobe is known to be responsible for
processing phonological information, not exclusively, but proven to
be vital for perception of language (Gernsbacher and Kaschak, 2003).
The dichotic listening task is very clearly a task of phonological
perception which requires involvement of the left posterior temporal
lobe, which we indeed have found. The right-hemispheric activation
might indicate additional resources required for the process of
integrating phonological input. Finally, the free-report condition,
which presumably is more similar to conventional working memory
tasks than the other two conditions, rests more upon recruitment of
attentional resources. A less pronounced right ear advantage shows to
correlate withmore activity in the right-hemispheric superior parietal
lobe in addition to left-hemispheric superior parietal lobe activation.
Next to hypothesized involvement in reading andword classification/
production (Ino et al., 2008; Shapiro et al., 2006), important portions
of the parietal cortex are involved in attention mechanisms (Yantis
and Serences, 2003, Behrmann et al., 2004).

Both dichotic listening and fMRI have important functions in the
assessment of language lateralization. Given the employment of a
relevant language task, fMRI can provide a relatively direct account of
brain physiology. However, limitations with respect to cost and
availability may make fMRI a less likely choice for routine clinical
assessment of lateralization. Furthermore, fMRI may be compromised
by pathological changes (such as edema or cortical atrophy) or



Fig. 3. Correlation between correct left ear answers at the dichotic listening directed-report-left condition and performance on the behavioral language tests (higher score means
higher performance): FAS=fluency test, LäS=reading test, BeSS=language ability.
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postoperative distortion (e.g., effects of blood material, signal
dropout). Under such circumstances, behavioral measures such as
dichotic listening may provide more reliable clues to specific aspects
of brain function. Although the latter point rarely has been examined
in patients with brain damage, it is still important to know how fMRI
results and behavioral measures relate to each other. According to our
findings, the directed-report-left condition of the Bergen Dichotic
Listening Test indicated lateralization with respect to the posterior
temporal lobe, which is likely to be the cortical region of choice when
assessment of language lateralization is warranted (van den Noort
et al., 2008).

Secondly, we aimed to clarify the relation between dichotic
listening as well as the fMRI-derived LI and clinically salient language
tasks. Interestingly, better performance on reporting stimuli pre-
sented to the left ear correlated with better language ability. Although
the level of significance (pb0.05) was not strong, findings were
consistent for all language tasks in the directed-report-left condition.
Both BeSS and reading test results were reflected in the REA
calculation, for the free-report and the directed-report-left condition
respectively.

With respect to fMRI-LI, two of our tasks, BeSS and the reading
task, provided clear evidence for an association. The reading task
exhibited a correlation with LI of the posterior temporal cortex, a
finding that we believe reflects the well-known connection between
reading, reading impairment and temporoparietal structures (Price,
2000; Price et al., 2003, Hillis, 2008). In addition, a particularly
interesting finding was that the correlation was negative, that is,
better performance was related to an attenuated LI. This outcome
suggests the involvement of right-hemispheremechanisms in reading.
Suchmechanisms need not be related to language in the strict sense in
that reading also draws upon perceptual and visuospatial skills, which
may recruit posterior cortical processes. Furthermore, it is intriguing to
see that the fMRI results lead to the same conclusion as shown by the
results of the dichotic listening test; i.e. increased right-hemispheric
Table 3
Significant correlations (Pearson's r) between language performance tests and fMRI LI
in regions of interest.

Frontal
temporal
lobe

Posterior
temporal
lobe

Inferior frontal
gyrus / Broca's area

Superior
parietal
lobe

Anterior
cingulate
cortex

FAS – – – – –

LäS – −0.55⁎ – – –

BeSS – −0.48ns −0.56⁎ – –

BNT – – – – –

⁎pb0.05, ns=non significant (p=0.07), FAS=fluency test, LäS=reading test,
BeSS=cognitive ability, BNT=Boston Naming Test.
involvement results in increased performance in various language
tasks. When discussing these results it is interesting to note that other
researchers have recently demonstrated results indicating a variation
in brain lateralization during various language tasks. However these
researchers have used different techniques (Stroobant et al., 2009) and
observed partially dissociated lateralization patterns within the
language network, inconsistent with an overall “dominance” model
(Pinel and Dehaene, 2009).

Considering the BeSS test (Fig. 4) a similar, but non-significant
correlation with the posterior temporal lobe was noted. More
conspicuously, BeSS performance was negatively correlated with
Broca LI. Given the complex nature of the BeSS, the outcome may
reflect several functions (perhaps simultaneously) of the anterior
language cortices. Broca's area is involved in subtle grammatical
decisions (Damasio, 1992; Ullman et al., 2005, Rodd et al., 2005).
Furthermore, Broca's areamay be recruited in workingmemory tasks;
the BeSS battery clearly involves such tasks. Finally, BeSS performance
may be facilitated by covert and perhaps even overt vocalizations.
Such extra-linguistic behaviors clearly thrive upon anterior language
areas (Huang et al., 2001).

Results were considered statistically significant if pb0.05. Given
the large number of tests performed, a few of the significant results
probably reached this level by chance only. This fact inevitably cast
some doubt on the conclusions drawn. However, our conclusions are
based on collective evidence from several significant correlations.
Moreover, all of the significant results were consistent, which led us to
believe that the conclusions drawn likely will retain their validity. We
tested post-hoc for any correlations between gender and ROI
activation using ANOVA with Bonferroni multiple comparison post-
tests, however we found no correlation, ensuring the validity of the
presented analyses.

Nevertheless, many of our conclusions must remain tentative. Our
findings are based upon correlations between different measures, and
we employed a relatively limited number of measurements
Fig. 4. Correlation between LI assessed by fMRI and the Battery for Subtle Language
impairment Score (BeSS).
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considering the complex nature of the response. In a follow-up study,
we aim to investigate the nature of task demands in comparison with
language ability. This study will shed light on the difference between
fMRI activation and laterality indices brought forth by attention or
cognitive demand and activation related to individual language
ability. To further corroborate the main findings, it would be
necessary to implement dichotic listening as well as the most
promising language tasks (i.e. BeSS or possibly the reading task) in
the MR-setting, as reported recently by van den Noort and coworkers
(2008) who used a sparse sampling paradigm. Likewise, it would be
instructive to study the complexity of the BeSS- subtasks using the
MR-scanner.

However, assuming that our conclusions are correct, two infer-
ences can be made about the utility of behavioral measures of LI. First,
when dichotic listening is used to indicate LI, primarily posterior
language areas are implicated. Second, in order to assess anterior
language LI, other tasks should be considered. Our data indicate that
BeSS may be of particular interest in this regard.

A stronger implication of our data; which obviously has implica-
tions far beyond the utility of selective language tasks or clinical
assessment tools; regards the contribution of areas beyond the classical
left language areas to language performance. Right-hemispheric
counterparts to the language areas of the left hemisphere (Broca's
and Wernicke's area) were implicated in that higher performance in
some tasks (in particular the BeSS) corresponded to attenuated left-
sided LI both determined by fMRI and dichotic listening. A straightfor-
ward interpretation of this pattern is that subjects better able to report
stimuli presented to either ear are also able to recruit and modulate
activity in networks distinct from left-hemisphere language areas.
Hence, it is important to investigate whether this is the result of
‘intrinsic' properties of subjects (e.g. pre-experimental verbal skill or
intelligence) or the result of the difficulty of the task (such that high
performers in the current task would show similar activity as low
performers if the taskweremademore difficult). Furthermore, itwould
be instructive to know if such putative links between pre-experimental
skill and tasks difficulty are specific to language or if they generalize to
non-linguistic domains.

We wish to emphasize that our results do not generalize directly to
patients with various language problems who might have atypical
lateralization due to reorganization of language networks. Neither can
direct inferences of theperformance-related laterality indices regarding
language lateralization in developing children be made. Children,
especially those young of age, are in themidst of languagedevelopment
mayhave a less defined lateralization of language (Vannest et al., 2009).
In a recent fMRI study (Schafer et al., 2009) left hemispheric activation
was shown to correlate with task accuracy in children, contrastingwith
the findings for adults in this study. This indicates the importance of
studies investigating brain activation and connectivity related to
language ability of healthy adults.

Conclusions

Laterality indices assessed using fMRI in the anterior cingulate
cortex, superior parietal lobe, and the posterior temporal lobe,
correlated with dichotic listening derived laterality measurements.
Compared to dichotic listening, fMRI-LIs are region specific, which is a
clear advantage. Results in this study may direct the development of
fMRI-derived LIs for clinical assessment of language laterality in
specific parts of the brain. However, as fMRI has limitations with
respect to cost and availability, behavioral measures such as dichotic
listening will remain important.

A particularly interesting findingwas that the right-sided posterior
temporal cortex, but not the superior parietal lobe, showed increased
activation in subjects that performed better in salient clinical
language tasks; the same occurred for the right-hemispheric homo-
logue of Broca's area. In concordance, decreased right-ear dominance
(and increased reporting of left-ear presented stimuli when focusing
attention on the left ear) correlated with a higher performance in all
presented language tasks. Thus, more bilateral activation in classical
language areas rather than left-hemispheric dominance during
language processing indicates higher language ability.

Our presented results, acquired using (1) dichotic listening, (2)
fMRI and (3) behavioral language tasks indicated a supporting role
of non-classical language areas in the brain in language perfor-
mance, where mainly right-hemispheric counterparts of Broca's and
Wernicke's areas are involved.
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